Larger volumes of sea ice have been thawing in the Central Arctic Ocean (CAO) during the last decades than during the past 800,000 years. Brackish brine (fed by meltwater inside the ice) is an expanding sympagic habitat in summer all over the CAO. We report for the first time the structure of bacterial communities in this brine. They are composed of psychrophilic extremophiles, many of them related to phylotypes known from Arctic and Antarctic regions. Community structure displayed strong habitat segregation between brackish ice brine (IB; salinity 2.4-9.6) and immediate sub-ice seawater (SW; salinity 33.3-34.9), expressed at all taxonomic levels (class to genus), by dominant phylotypes as well as by the rare biosphere, and with specialists dominating IB and generalists SW. The dominant phylotypes in IB were related to Candidatus Aquiluna and Flavobacterium, those in SW to Balneatrix and ZD0405, and those shared between the habitats to Halomonas, Polaribacter and Shewanella. A meta-analysis for the oligotrophic CAO showed a pattern with Flavobacteriia dominating in melt ponds, Flavobacteriia and Gammaproteobacteria in solid ice cores, Flavobacteriia, Gamma-and Betaproteobacteria, and Actinobacteria in brine, and Alphaproteobacteria in SW. Based on our results, we expect that the roles of Actinobacteria and Betaproteobacteria in the CAO will increase with global warming owing to the increased production of meltwater in summer. IB contained three times more phylotypes than SW and may act as an insurance reservoir for bacterial diversity that can act as a recruitment base when environmental conditions change.
Introduction
A recent survey of the global ocean microbiome excluded only one major oceanic region owing to absence of datathe Arctic Ocean [1] . This illustrates that the Arctic Ocean is heavily under-sampled, in particular, the permanently icecovered Central Arctic Ocean (CAO), which comprises the ~3.3 million km 2 large marine ecosystem (LME) around the geographic North Pole (Fig. 1) . The reason for the data absence for the CAO is obviously the difficulty of accessing this remote cold area for on-site research, which requires an icebreaker.
Although the CAO is less productive than other oligotrophic oceanic regions not covered by ice, it is not a biological desert [2, 3] . Heterotrophic bacteria and the rest of the microbial loop are active components of the biological communities in the CAO and bacterial production is high relative to primary production [4, 5] . Detailed studies of bacterial community structure in the sympagic and pelagic systems of the CAO, targeting the 16S rRNA gene or the metagenome, are only a handful: three studies include samples from the water column [6] [7] [8] and two studies include samples from melt ponds, melted ice cores as well as surface sea water (SW) [9, 10] . These five previous studies together include only six samples from the sympagic habitat and 27 samples from the pelagic habitat in the 3.3 million km 2 large CAO. Similar ice and SW studies carried out in the more nutrient-rich Arctic shelf LMEs, mainly from coastal sites in the Pacific Arctic region and around Svalbard, are about six times as many [11, 12] .
The Arctic region is warming faster than the rest of the globe [13] and both the summer and winter sea ice extents have constantly been breaking low records during the last decades [14] [15] [16] . The summer ice has decreased at an estimated rate of~1 million km 2 (~13.2%) per decade over the period 1979 to 2017 (www.nasa.gov; accessed 18 January 2018). Simultaneously, the sea ice has become thinner [17] [18] [19] , at an estimated loss rate of~3100 km 3 (~13.5%) per decade over the period 1979 to 2017 (psc.apl.uw.edu; accessed 18 January 2018). Climate models for the Arctic region predict a further decline of the summer sea-ice cover, with estimations down to < 1 million km 2 within the coming 30 years depending on which political decisions are made [15, 20, 21] .
Today, most of the CAO is still ice-covered in summer but the entire area is subject to increased melting, and the melt season is being prolonged at a rate of 5 days per decade since 1979 [22] . Melt ponds on the ice and openwater areas between ice sheets increase in abundance and size [23] , and thick perennial ice is replaced by annual ice [24] . Seasonally, the sea ice shrinks from mid-March to mid-September, and seasonal differences in the habitat of sympagic microbes in the CAO become more pronounced because of the stronger ice-melt in summer with global warming [25] . Different microhabitats are formed during the lifetime of sea ice [11, 26] , but the main habitat for psychrophilic microbes are the brine channels that run like blood vessels within the solid ice matrix. When sea ice forms, salts are concentrated in a liquid fraction in the brine channels, together with trapped gases, organic matter and microbes, and brine salinity can be up to approximately six times that of SW [27, 28] . When sea ice melts, the brine volume increases dramatically [29] , open pathways for brine drainage and exchange of matter and gases between air, ice cover and SW emerge, and brine salinity drops from hypersaline to low-salinity brackish.
Larger volumes of sea ice have been thawing in summer during the last decades than during the past 800,000 years [30] . Brackish brine (fed by meltwater inside the ice) is an expanding sympagic (ice-associated) habitat for microbes in summer all over the CAO and the flux of sympagic bacteria and their metabolic products to the pelagic zone is enhanced as well. The brine is brackish through mixing of meltwater with saline winter brine and/or diffusion of salts from the underlying SW through increased porosity (permeability) of the solid ice [28] . These processes are expected to culminate if the North Pole area would become ice-free in summer as predicted in climate scenarios [20] . In this paper, we report for the first time the structure of the bacterial communities in brackish summer brine in the CAO and follow the flux of brine bacteria to the sub-ice SW for all taxonomic levels (class to genus), and for dominant phylotypes as well as for the rare biosphere. In a meta-analysis relating our new 16S rRNA data to the five previous studies carried out in the CAO [6] [7] [8] [9] [10] , we detected patterns in the bacterial community structure in the sympagic and pelagic habitats of the oligotrophic CAO.
Materials and methods

Sample collection
Ice brine (IB) and immediate sub-ice SW samples were collected from eight and four stations, respectively, between 7 August and 3 September 2012 during the Lomrog III expedition with the Swedish icebreaker RV Oden (Fig. 1 , Table S1 ). The 12 stations were located at 85-90°N and covered an area of ca. 250,000 km 2 of the CAO and about half of the Amundsen Basin. To avoid microbial contamination from the icebreaker the sampling stations were reached by helicopter. Shortly after sampling the record low Arctic sea-ice minimum ever, 3.4 million km 2 , was reached (www.nasa.gov; accessed 18 January 2017). Therefore, the sea ice was only 1.3-1.7 m thick at our stations and in such a melting stage that basically all the brine water was immediately drained from the cores when lifting them up from the ice.
Ice and snow depth were measured after a first hole was made through the sea ice with a Kovacs ice-core drill of 9 cm in diameter. Water temperature and salinity were measured directly in the field with an YSI Pro30™ handheld conductivity meter. IB samples were taken from a second hole drilled until half a metre above the ice SW interface and at least 10 m away from the first hole, i.e., far enough away to ensure that the brine was not disturbed by drainage from the first hole. The second hole immediately filled up with brine water and 20 L were pumped up from the bottom of the hole in < 5 min with a hand-operated membrane pump connected to a 3-m long tube of 25 mm in diameter with a 200 µm net at the end to exclude larger organisms. During pumping it was continuously checked that the brine salinity remained stable, i.e., that it was not influenced by freshwater from melt ponds from above or by SW from below. SW samples were pumped up from the first holẽ 30 cm below the ice-water interface in the same way as the IB samples. The ice cores were used by another research group studying sea-ice light attenuation and coloured dissolved organic matter absorption [31] . For DNA analyses 5-11 L of water were pre-filtered through 8 µm Millipore® polycarbonate membrane filters and collected on 0.22 µm Millipore® Sterivex™ filters using a Cole Palmer System™ peristaltic pump Model No. 7553-70. All samples were filtered and stored at −80°C within 3 hours after field sampling. The rest of each 20-L water sample was used for analyses of basic sample characteristics, such as bacterial cell density, nutrients and Chla (chlorophyll-a) (Table S1 ), according to the methods described in the Supplementary Information. [120] . The borders of the CAO large marine ecosystem (white line) were defined by the PAME Working Group of the Arctic Council [121] DNA and phylogenetic analyses DNA was extracted from the 12 samples using a modification of a phenol:chloroform:IAA protocol and the 16S rRNA gene was amplified and sequenced on a MiSeq® Illumina sequencer as described in the Supplementary Information. Two IB samples, IB12 at the North Pole and IB23 at the marginal ice zone, were sequenced deeper than the other 10 samples. All sequences from this study are available in the NCBI SRA (Sequence Read Archive) under accession number PRJNA326760.
The obtained 16S rRNA gene sequences were demultiplexed by index to separate them by sample. A quality report was made for each sample and then the sequences were filtered using 'Prinseq' (http://prinseq.sourceforge.net) applying a cutoff of minimal Phred Quality Score of 30. For taxonomic identification, operational taxonomic units (OTUs) were created using a workflow for de novo OTU picking in QIIME (v.1.9.1) [32] , producing an OTU mapping file, by clustering sequences based on a similarity threshold of 97%, against the GreenGenes 16S rRNA gene database [33] , after which a representative set of sequences was picked in order to keep one sequence per OTU. Sampling efficiency was evaluated by individual-based rarefaction curves [34] .
The representative sequences corresponding to each OTU were aligned using PyNAST [35] and taxonomic assignment was made with the UCLUST algorithm [36] . OTU sequences clustered with one or two reads, i.e., singletons and doubletons, respectively, were removed from the analysis. As cyanobacterial and chloroplast sequences are highly similar, all OTUs identified as Cyanobacteria were aligned with16S rRNA gene sequences of Cyanobacteria obtained from SILVA ribosomal RNA database project (https://www.arb-silva.de), and chloroplast sequences that were initially classified as Cyanobacteria were discarded [37] .
Phylogenetic trees were constructed using the 'common' OTUs in the data set, defined as those OTUs with relative abundance (RA) ≥ 0.01% across all samples. Community analyses were made for different taxonomic levels (bacterial classes, families and OTUs) and separately for the 'common' OTUs and the 'rare biosphere' OTUs, the latter defined as OTUs with RA < 0.01% across all samples [38, 39] . Further details of DNA extraction, 16S rRNA amplification, high-throughput sequencing protocol, data capture and phylogenetic analysis are described in the Supplementary Information.
Bacterial community analyses
To characterise the IB and SW habitats, a Kruskal-Wallis test was performed to test for differences in 12 abiotic and biotic variables between the two habitats. For evaluating community structure at a higher taxonomic level, the OTUs were assigned to bacterial class and the percentage OTUs within each class was calculated for each sample. A separate analysis was made for the 'rare biosphere' OTUs. To put our results into context with bacterial communities in other habitats of the CAO ecosystem we performed a metaanalysis by including the available published data on the structure of sympagic and pelagic bacterial communities in the CAO [6] [7] [8] [9] [10] .
Community analyses were carried out using the 'vegan' package [40] in the software environment 'R' [41] . To prevent bias owing to sampling depth in OTU diversity, the samples were rarefied to 7000 sequences prior to all community analyses. Hierarchical cluster analysis based on Bray-Curtis dissimilarity was performed for the 26 most abundant OTUs (defined as RA ≥ 1.0% across all samples). The influence of environmental factors in shaping bacterial community structure was evaluated with redundancy analysis, using a Monte Carlo permutation test based upon 999 permutations. A Mantel test [42] , based on 999 permutations was used to assess the effect of geographic distance among sampling stations on community structure. To explore the structure of the sympagic bacterial metacommunity by network analysis, probabilistic graphical models were constructed as described in the Supplementary Information.
Results
Abiotic and biotic variables
The IB and SW habitats were closely connected in space, but salinity, water temperature, and dissolved inorganic phosphorus (DIP), dissolved inorganic silicon (DSi), particulate organic carbon (POC) and Chla concentrations were significantly different (Tables 1 and S1 ). IB salinity varied between 2.4 and 9.6, whereas SW salinity was that of SW with weak dilution from the brine at some stations (33.3-34.9 ). Average water temperature was higher in IB (− 0.53°C ) than in SW (− 1.45°C), which reflects the difference in the freezing point of water at the respective salinities. DIP and DSi concentrations were lower in IB than in SW but not in dissolved inorganic nitrogen (DIN). NH 4 + concentrations were very low (~0.1 µM) in all samples. Lower Chla concentration in IB compared with SW indicates lower abundance of primary producers in the brine and higher POC concentrations in IB compared with SW indicates higher abundance of organic matter in the brine. Bacterial cell density (generally lower in IB) showed no significant differences between IB and SW owing to large variability between sampling stations, especially for IB.
16S iTag sequencing data
Altogether, sequencing of the 12 samples yielded 839,405 reads and 7150 OTUs (Table S2) , of which 2715 were unique OTUs; 180 (6.6%) of the unique OTUs were 'common' (RA ≥ 0.01%) and 2535 (93.4%) belonged to the 'rare biosphere' (RA < 0.01%). Rarefaction curves (Figure S1) show that the sequencing effort did not capture the complete diversity in any of the samples, not even in the samples IB12 and IB23 that were sequenced with a higher coverage. However, three out of the four SW curves flattened out earlier than the IB curves.
OTU diversity
Of the 2715 unique OTUs recovered in this study, 1912 (70.4%) were only found in IB, 280 (10.3%) were only found in SW, whereas 523 (19.3%) occurred in both habitats. Within-class diversity differed between the habitats: OTU richness was higher in IB for Betaproteobacteria (IB 36%, SW 4%), Flavobacteriia (IB 16%, SW 11%) and Actinobacteria (IB 11%, SW 2%), and it was higher in SW for Gammaproteobacteria (SW 56%, IB 29%), Alphaproteobacteria (SW 15%, IB 5%) and Deltaproteobacteria (SW 2%, IB 0.2%). It may be suspected that the three times higher OTU richness in the IB is biased by the two deep-sequenced IB samples from the North Pole (IB12) and the marginal ice zone (IB23) and by the fact that twice as many IB samples as SW samples were analysed (Table S2 ). To evaluate such a possible bias, we tested how OTU richness differed between IB and SW in relation to the number of reads ( Figure S2 ) and found that: (1) Comparing four IB samples with different numbers of sequences showed that the higher the number of sequences yielded, the more OTUs were recovered. (2) Comparing the four SW samples showed the same but the proportion of OTUs in the deepest sequenced sample was lower. (3) When increasing the number of reads in IB samples by 25% the number of OTUs increased by 33% but when increasing the number of reads in SW samples by 100% the number of OTUs remained~320. (4) IB and SW samples with a similar number of reads again showed that IB was inhabited by more OTUs than SW relative to the number of reads.
Phylogeny
Phylogenetic diversity was higher in IB (14.05) than in SW (10.63). The mean pairwise distance was lower in IB (2.9) than in SW (4.9), indicating that the IB communities consisted of more closely related taxa than the SW communities. The positive values of the mean pairwise distance in both habitats denote over-dispersion (large phylogenetic variability) in general.
Of the 180 'common' OTUs, 161 belonged to three dominant phyla: 56 clades of Proteobacteria (109 OTUs, RA = 65%), 20 clades of Bacteroidetes (44 OTUs, RA = 21%), and 6 clades of Actinobacteria (8 OTUs, RA = 13%), and these were used for constructing phylogenetic trees ( Fig. 2 and S3 ). The remaining 19 OTUs (RA together 0.7%) belonged to nine other phyla and they were not used in the analyses. When including reference sequences from other studies, we found that many of our OTUs best matched sequences from both the Arctic and Antarctic polar regions (e.g., Colwellia, Flavobacterium, Glaciecola, Halomonas, Polaribacter, Polaromonas, ), DSi dissolved inorganic silicon (SiO 2 ), POC particulate organic carbon, PON particulate organic nitrogen, POP particulate organic phosphorus. A significant difference between IB and SW was accepted at p < 0.05 and is indicated with * Pseudoalteromonas, Psychromonas). The source habitat of the reference sequences-sea ice or SW-normally agreed with the OTUs from our habitats. The recorded marine sequences, e.g., SAR11, showed closest relationship with Arctic SW references rather than with SAR11 references from tropical and subtropical seas.
Halomonas and Shewanella were the two genera of the Gammaproteobacteria with the highest representation among the 161 OTUs: 7 and 6, respectively ( Fig. 2 and S3a). Other dominant Gammaproteobacteria were AO-5 (Alteromonas), AO-10331 (Glaciecola), AO-6488 (Psychrobacter), AO-3408 and AO-18446 (both Balneatrix), AO-36354 (ZD0405) and AO-37058 (SAR92 clade). We also detected an unknown cluster of five gammaproteobacterial OTUs (AO-10798, AO-22585, AO-25005, AO-29964, AO-31465). Major groups within the Alphaproteobacteria, were related to the Roseobacter RCA cluster (including nine OTUs of the genera Loktanella, Octadecabacter, Planktomarina and Sulfitobacter) and the SAR11 clade (four OTUs). Whereas the SAR11 clade was almost exclusively restricted to SW, the RCA cluster predominated in IB, except for AO-19648 (Planktomarina) that was more abundant in SW samples. Among the Betaproteobacteria, Polaromonas (three OTUs), BAL58 (two OTUs), OM43 clade (three OTUs) and AO-8052 (with unknown affiliation) were the most abundant clades.
Major clades within the class Flavobacteriia ( Fig. 2 and S3b) were Flavobacterium, Polaribacter and the NS5 marine group (with four, four and five OTUs, respectively). We also detected an unknown cluster consisting of five OTUs in the class Chitinophaghia (AO-4553, AO-5084, AO-8387, AO-13329, AO-21833), which-based on their phylogenetic affiliation-might belong to the genus Lewinella.
Despite that the Actinobacteria were represented by several clades, only one OTU (AO-30973) best matching with Candidatus Aquiluna was highly abundant (Fig. 2 and S3c).
Community composition
A major difference between IB and SW was that Actinobacteria and Betaproteobacteria were abundant in IB but rare in SW (Fig. 3a) . Whereas Gammaproteobacteria dominated in SW (79% of the total reads), the classes Gammaproteobacteria, Flavobacteriia, Actinobacteria, and Betaproteobacteria were more evenly distributed in IB (34, 25, 19 and 14%, respectively). Alphaproteobacteria were almost equally represented in IB and SW with lower abundances (6 and 8%, respectively).
A cluster analysis based on the 26 most abundant OTUs (RA ≥ 1.0%) showed that community composition was habitat-dependent: all eight IB samples fell into one cluster and all four SW samples into another (Fig. 3b) . There was no pattern with salinity within the IB habitat, whereas the two samples with the lowest salinity in the SW habitat (most influenced by brine water) clustered together. Only three of these 26 OTUs were abundant in both habitats (RA ≥ 1.0% within a habitat): two Gammaproteobacteria (AO-22161 Halomonas and AO-11040 Shewanella) and one Flavobacteriia (AO-29203 Polaribacter) (Table S3) . Figure S3 The most abundant OTUs typical of IB were AO-30973 (Candidatus Aquiluna, Actinobacteria) and AO-4702 (Flavobacterium, Flavobacteriia) with 19 and 14% of all OTUs in IB, respectively. The most abundant OTUs typical of SW were the Gammaproteobacteria AO-3408 (Balneatrix) and AO-36354 (ZD0405) with 22 and 9% of all OTUs in SW, respectively.
Redundancy analysis ( Figure S4 ) showed a significant association between bacterial community composition and the 10 abiotic and biotic variables tested in combination (salinity, temperature, DIN, DIP, DSi, POC, PON (particulate organic nitrogen), POP (particulate organic phosphorus), bacterial density and Chla concentration; Table S1 ). However, salinity explained most of the variance in community composition and was the only variable with a significant effect on community composition by its own. A Mantel test [42] showed that there was no significant influence of the geographical distances among sampling stations on bacterial community composition (R = −0.02; p = 0.56). The rare biosphere
We found a clear segregation between the IB and SW habitats not only for the 180 'common' OTUs, but also for the 2535 'rare biosphere' OTUs (Fig. 4) . Most of them (1888) were detected only in IB, 66% of which belonged to the four families Comamonadaceae and Oxalobacteriaceae (both Betaproteobacteria), Flavobacteraceae (Flavobacteriia), and Microbacteriaceae (Actinobacteria). Of the 267 'rare biosphere' OTUs that were detected only in SW, 46% belonged to five other families: Halomonadaceae, Oceanospirillaceae and Alteromonadaceae (all three Gammaproteobacteria), and Rhodospirillaceae and Pelagibacteraceae (both Alphaproteobacteria). The 380 'rare biosphere' OTUs that overlapped between IB and SW had affiliations more similar to those detected only in SW than to those detected only in IB. The same calculations but based on the total number of sequences of 'rare biosphere' OTUs (abundance) instead of the number of unique rare biosphere OTUs (richness) showed very similar patterns for nearly all the families.
Network analysis
The first network analysis, based on all 2715 OTUs, yielded high modularity (Fig. 5a, Table S4 ). Most of the modules contained OTUs representing 'habitat specialists' (found in one of the habitats, IB or SW), whereas the remaining modules contained 'habitat generalists' (found in both habitats). The network presented a higher number of IB modules compared with SW modules. A striking feature of this network is that most modules have high taxonomic assortativity (i.e., neighbours are closely related taxa). The biotic and abiotic variables incorporated in the network reconstruction depicted that these variables, with exception of DIN, PON and POP (only one or no connections), were associated with generalists (Fig. 5a) . Salinity, temperature and DIP were the factors with most connections, depicting these variables as those with the highest influence in differentiating the communities between the two habitats in the analysis.
The second network analysis, based on the 180 'common' OTUs (Fig. 5b, Table S4 ), was characterised by lower modularity and higher connectivity than the first network, and was composed mainly of habitat generalists. One pronounced habitat generalist module in Fig. 5a nearly corresponded to the whole network in Fig. 5b , whereas the habitat specialist modules in Fig. 5a corresponded mainly to the low-abundant taxa that were absent from the second analysis. However, the patterns of connectance for biotic and abiotic variables did not differ between the two networks. For the second network we explored the number of edges for each node (OTU) and identified 28 'hubs', i.e., nodes with a number of links that greatly exceeds the average (here defined as the OTUs accounting for > 60% of all edges in the analysis). All these hubs were most abundant in SW and 19 of them belonged to the orders Rickettsiales, Methylophilales, Flavobacteriales and Oceanospirillales (Table S5) .
Meta-analysis of bacterial communities in the CAO
The meta-analysis for the oligotrophic CAO showed that there were large differences in bacterial community composition between the different sympagic habitats (melt ponds, IB, melted ice cores, immediate sub-ice SW) as well as between sympagic and pelagic habitats (Fig. 6a) . Gammaproteobacteria and Bacteroidetes (mainly Flavobacteriia) dominated in the four sympagic habitats while Alphaproteobacteria, and to a lesser extent Gammaproteobacteria, dominated in SW. The sympagic habitats showed an increase in Gammaproteobacteria, and a decrease in Bacteroidetes, in a sequence from melt ponds, via IB and ice cores to the immediate sub-ice SW. Striking were the high abundances of Betaproteobacteria and Actinobacteria in the IB as these two groups were nearly absent from the other sympagic habitats as well as from the water column. Deltaproteobacteria were basically restricted to the water column with highest abundance in the sub-surface SW (depth > 30 m), whereas Bacteroidetes were more abundant in surface SW (depth 1-30 m).
Most abundant genera were abundant in only one or two habitats in the CAO (Fig. 6b) . Polaribacter (Flavobacteriia) was the only genus that was abundant in all four sympagic habitats as well as in surface SW. Another genus of the Flavobacteriia, Flavobacterium, was abundant in melt ponds, IB and melted ice cores but not in the immediate sub-ice SW or in surface SW. Typical for the brackish IB were Candidatus Aquiluna (Actinobacteria), Loktanella (Alphaproteobacteria), BAL58 and Polaromonas (Betaproteobacteria), and Halomonas, Alteromonas and Shewanella (Gammaproteobacteria). Of these, Halomonas and Shewanella were able to at least temporarily survive the high SW salinity as they remained abundant in the immediate sub-ice SW (but not in the whole surface SW layer). Another gammaproteobacterium, Psychrobacter, occurred in the brine but was much more abundant in ice cores. The SW influence in the immediate sub-ice SW was characterised by the Gammaproteobacteria Balneatrix, ZD405 and SAR92, the alphaproteobacterium SAR11, and the NS5 marine group of the Flavobacteriia. Obligate marine taxa (not abundant in the immediate subice SW) were Roseobacter, Cytophaga and the SAR116 clade. Fig. 4 Richness and abundance of the rare biosphere. The 2535 rare biosphere OTUs (relative abundance < 0.01%) were subdivided into those that occurred either in ice brine (IB) or in the immediate sub-ice seawater (SW) or in both habitats (IB+SW). a Venn diagram showing OTU richness. b The % richness (% of the total number of unique rare biosphere OTUs) and % abundance (% of the total number of sequences of rare biosphere OTUs) at the family level
Discussion
Sampling microbial communities from melting sea ice
There is a substantial sampling enigma for sympagic microbial communities because (1) part of the 'pelagic' fraction of the community (in the liquid brine phase) is lost during sampling and slice-cutting ice cores-especially in summer when the ice is in a melting phase, and (2) the rest of the community, dominated by benthic microbes (associated with ice surfaces), is changed by osmotic shocks and other processes, whereas melting the slices of solid ice in the laboratory [43, 44] . Sampling only the brine water-as we did-has the advantage that the organisms remain relatively undisturbed because they can be filtered/preserved/analysed immediately but has the drawback that the attached component of the community-especially diatoms -is left out [29, 45] . As our aim was to study the melting effect, sampling brine was more appropriate for our study than sampling cores.
The fact that part of the sympagic microbial community is lost during ice-core sampling has always been a problem, especially in the marginal ice zone in summer, but it is a growing issue as sea-ice melting is accelerating everywhere in the CAO through global warming [18, 23, 46] . We recommend that, if the aim is to assess the complete sympagic microbial community, both ice-core and brine samples should be taken if an ice core visibly loses part of its brine. Brine can be taken from a hole drilled until half a metre above the ice SW interface. In summer, such a hole will immediately fill up with brine water and 20 L can be pumped up in < 5 min with a simple hand pump. Salinity should be monitored, whereas pumping as it must remain stable, i.e., not become influenced by freshwater from melt ponds from above or SW from below. From the length and diameter of the ice core, its total volume can be calculated, related to the volume of water of the melted ice core, and the community data (biomass, species composition, salinity, etc.) can be compensated for brine loss. This is not ideal, e.g., the lower 0.5 m IB is not included and brine channels can be partly air-filled. However, sampling both cores and brine will provide a more complete record of the true microbial community living in the sea ice. Community structure-sampling area and salinity Sampling area and environmental heterogeneity underlie differences in bacterial community structure [47, 48] . As our sampling stations covered a large area (ca. 250,000 km 2 ) it might be expected that community composition would vary between the stations. However, differences in community composition within the IB and the SW samples were small, whereas they were large between IB and SW samples. This is a strong indication that our samples are representative for their respective habitats with different salinities (IB and SW) and that the sympagic habitat of the ultra-oligotrophic Amundsen Basin is a highly uniform environment. Many other studies have, similar to our results, identified salinity as the principal environmental driver for microbial community structure in aquatic environments [49] [50] [51] [52] , but the spatial salinity gradient is never so short and steep as at the ice SW interface of a deep ocean basin. In our study the meltwater from the ice cover only had a marginal effect on the salinity of the immediate sub-ice SW, but in shallower coastal waters of the Arctic shelf LMEs salinities down to 25 have been measured at 7 m depth during sea-ice melt, which affected pelagic bacterial community structure [53] .
Community structure-bacterial classes
Known global patterns of pelagic bacterial distributions at the class level are valid also for the CAO as shown by the meta-analysis based on our new data and those of Bano & Hollibaugh [7] , Galand et al. [6] , Bowman et al. [9] , Rapp [10] and Li et al. [8] . First, Alphaproteobacteria and Gammaproteobacteria are the two dominant bacterial classes in the pelagic zone [1, [54] [55] [56] . Second, other abundant classes are Flavobacteriia (phylum Bacteroidetes) in the photic Fig. 6 Meta-analysis of bacterial community structure in sympagic and pelagic habitats in the Central Arctic Ocean (CAO). a Relative abundances of the dominant bacterial classes. The Bacteroidetes consisted mainly of Flavobacteriia. When Archaea were included in the published data they were excluded and the relative abundances were adapted to include only Bacteria. Cyanobacteria were excluded from Bowman et al. [9] with reference to Bowman [58] . b Overlap of the dominant bacterial genera/clades. The OTUs that were identified to the genus level and with relative abundance ≥ 1.0% were selected, normalised to 100% for each habitat and plotted together. Data from ice brine and immediate sub-ice seawater: present study, melt ponds: Rapp [10] , melted ice cores: Bowman et al. [9] , Rapp [10] . Surface seawater (depth~1-30 m): Bowman et al. [9] , Rapp [10] , Li et al. [8] zone and Deltaproteobacteria in deeper water [1, 54, 57] . Third, sea ice habitats are typically dominated by Gammaproteobacteria and Flavobacteriia [12, 58, 59] .
A new observation is that the brackish brine in the oligotrophic CAO contains high diversity (OTU richness) as well as high abundances of Actinobacteria (19%) and Betaproteobacteria (15%). These two bacterial classes were very rare or absent from melt ponds, ice cores and SW in our meta-analysis. Neither have they been reported as abundant in the more nutrient-rich Arctic shelf LMEs [11, 60] . We propose that Actinobacteria and Betaproteobacteria are indicators of melting sea ice as they are generally more abundant in fresh than in marine waters [50, 61] , and they have been reported in a few studies from the Arctic marginal ice zone in melt ponds, the upper ice layer and surface SW mixed with meltwater [62] [63] [64] [65] .
We expect that the pattern we found in the meta-analysis for the CAO, following the flux of meltwater through the ice down to the immediate sub-ice SW-with Flavobacteriia dominating in melt ponds, Flavobacteriia and Gammaproteobacteria in ice cores, Flavobacteriia, Gammaand Betaproteobacteria and Actinobacteria in brackish IB, and Alphaproteobacteria in SW-is typical for the oligotrophic CAO given the large geographical area we covered. In contrast, in the Arctic shelf LMEs the dominant classes in sea ice habitats are highly variable. This variability is probably related to different nutritional status of the parent water, which determines the bacterial community composition in the ice cover when the ice forms [66] . For example, the Chukchi Sea is one of the most productive seas on Earth [67] . Some ice-core studies in the Arctic shelf LMEs report dominance of Gammaproteobacteria [68, 69] , whereas others report dominance of Alphaproteobacteria [53, 70] or more or less equal abundances of Gammaproteobacteria, Alphaproteobacteria and Flavobacteriia [64, 70] . This variability seems to be independent of the age of the ice (perennial or annual) and more related to the proximity of land, which strongly influences trophic state.
Similarly, bacterial community composition in the SW of the Arctic shelf LMEs is quite variable at the class level [12, 71] . The differences may partly be attributed to environmental variability on temporal (seasonal) or spatial (coastal vs. open ocean) scales, or if the sea was ice-covered or not, but often there does not seem to be any clear pattern. In some surveys of Arctic shelf LMEs it was found that, contrary to temperate regions, Gammaproteobacteria and Bacteroidetes were more often detected in Arctic SW than Alphaproteobacteria [60, 72, 73] . Other studies report that Alphaproteobacteria dominated in winter, both in ice cores and surface SW, and that this was caused by high abundances of SAR11 clade phylotypes [74, 75] . Members of the SAR11 clade belong to the most abundant and ubiquitous SW microbes in the world ocean [76] and are adapted to a wide range of salinities [77, 78] . Winter communities have not yet been studied in the CAO, but SAR11 phylotypes were rare in our summer IB samples (0.04%) but abundant in the immediate sub-ice SW (3%). In agreement with our results, SAR11 phylotypes were reported to be low-abundant in summer ice cores (0.2%; [9] ) and abundant in surface SW (10-32%; [9, 10] ). As no winter data exist for the CAO, future studies will reveal if SAR11 phylotypes are dominant in the winter sympagic communities of the CAO as has been reported for the Canadian Arctic coast [74] . It is possible that SAR11 phylotypes get entrapped in the brine channels in autumn when the ice is formed, persist there through winter, are released to the sea during spring brine drainage, and then replaced by typical summer ice communities dominated by Gammaproteobacteria and Flavobacteriia.
Are Cyanobacteria absent?
According to most previous studies carried out in the Arctic Ocean [12, 71, 79] , as well as in Antarctic seas [80] , Cyanobacteria seem to be practically absent from sea ice and surface SW. Initially we detected various sequences that were classified as Cyanobacteria, but these were later identified as chloroplasts. Confusion between cyanobacteria and phototrophic eukaryotic chloroplast sequences are a common feature in 16S rRNA gene analysis [9, 10, 58, 64, 68, 81] . After correcting our data for eukaryotic chloroplasts, only two cyanobacterial OTUs were left and they belonged to the subclasses Nostocophycideae (0.09%, one OTU, 709 sequences) and Synechococcophycideae (0.0003%, one OTU, four sequences). This would corroborate the hypothesis that cyanobacteria are rare in the polar seas.
However, low temperature should not be a restriction for the occurrence of Cyanobacteria [82] , e.g., coccoid picocyanobacteria have been reported in several studies from Arctic coastal regions [71, [83] [84] [85] [86] . It has been argued that the Cyanobacteria reported from the Arctic Ocean represent allochthonous influences from land [87] . However, previously we have recorded high cyanobacterial nifH gene diversity (orders Nostocales, Oscillatoriales, Chroococcales) in Arctic IB and SW at 82°N in the northern Fram Strait at a station located centrally between Greenland and Svalbard [88] , i.e., not close to land. Furthermore, a cyanobacterial nifH phylotype related to Nodularia sp. has been reported from sea ice in the CAO [2] . Thus, it cannot be excluded that autochthonous Cyanobacteria occur in the CAO and that they can be detected by metagenomics but not by all primers used in 16S rRNA gene analysis.
Community structure-dominant phylotypes
Many psychrophilic bacteria occurring in the Arctic Ocean are known to be > 97% identical to Antarctic ones, thus displaying bipolar distributions [57, 63, 89] . In agreement with this we found in our phylogenetic analysis both Arctic and Antarctic phylotypes, mainly among the brackish brine bacteria (e.g., Colwellia, Flavobacterium, Glaciecola, Polaribacter, Polaromonas, Pseudoalteromonas and Psychromonas), but also for some SW bacteria (e.g., Sphingomonas and Sulfitobacter).
Relatively few abundant phylotypes were responsible for the patterns we observed at the class level. Three phylotypes (classified as Halomonas, Shewanella and Polaribacter) were abundant in both the brine and in the immediate sub-ice SW, which implies that they at least initially survived the salinity shock from brackish to marine in the continuous brine flow from the ice to the SW during summer ice-melt. Of these three genera only Polaribacter has been reported as abundant in the surface SW of the CAO [8] [9] [10] . In ice cores from the CAO, Halomonas and Shewanella were extremely rare, with one read each of 12,352 reads [9] . The genus Halomonas consists of salttolerant bacteria [90] and has rarely been reported from the Arctic region [69] , whereas more records exist from Antarctica [11, 91] . Shewanella has been found in the Arctic region more often, mainly in sediments [92] , but also in snow in the CAO [81] .
Particularly Flavobacterium, Polaribacter and Nonlabens seem to be typical of melt ponds [10] and may partly penetrate into the brine channels from there. However, Flavobacterium and Nonlabens, as well as the gammaproteobacterium Psychrobacter, were abundant in both brine (this study) as well as in ice cores [9, 10] , which suggests that they may partly be associated with the solid ice surface, especially Psychrobacter, which seems to be more abundant in ice cores than in brine.
The genomic information of Candidatus Aquiluna, dominant in our IB samples, suggests that this actinorhodopsincarrying photoheterotroph [93] , could be of relevance in the CAO. Candidatus Aquiluna was initially characterised as a freshwater bacterium by Hahn [94] but was later reported from many different environments [93] . In the Arctic region it has been found in surface ice and SW near Svalbard [69, 93] and the Chukchi Sea [62] , but not in the CAO and also not in a study targeting phototrophic bacteria in the Beaufort Sea [95] .
BAL58 and Polaromonas, the dominant Betaproteobacteria in our brine samples, are known from different habitats elsewhere. BAL58 was isolated from the brackish Baltic Sea [96] , and Polaromonas, a globally widely distributed psychrophilic genus commonly found in air and snow, has been reported from melt ponds on pack ice near Svalbard [63] . In the immediate sub-ice SW, the brine bacteria were mixed with marine bacteria from the SW below, especially the Gammaproteobacteria Balneatrix and ZD0405, which both were found to be abundant in the CAO surface SW in August-September 2012 by Rapp [10] . Phylotypes of Balneatrix have also been reported as dominants in SW from both the Arctic Chukchi Sea [62] and Antarctica [97] .
Candidatus Aquiluna, BAL58, and Polaromonas formed, together with some other psychrophilic phylotypes, classified as Glaciecola, Alteromonas and Loktanella, the core bacteria in the brine that were not abundant in the immediate sub-ice SW. This suggests that the phylotypes we found in the brackish brine are unable to survive the salinity shock when they meet the SW while they otherwise are cold-adapted [98, 99] and perhaps adapted to lownutrient concentrations such as BAL58 [96] or able to degrade polysaccharides as some members of Glaciecola [100] . Furthermore, sea ice brine channels normally contain higher DOM concentrations than SW [101] , which selects for bacteria that can exploit these conditions; e.g., Polaromonas strains were shown to have an affinity for simple organic acids that can result from photodegradation of humic and fulvic substances [102] . Nutrient starvation, or other stress conditions that may emerge in the enclosed brine environment, may also be met by survival strategies such as the use of light for producing energy through the light harvesting pigment, actinorhodopsin in Candidatus Aquiluna [103, 104] or by forming dormant cells as found in Polaromonas [105] . However, in our study we did not explore clade-specific activity and we cannot conclude which specific strategies are coupled to the phylotypes uncovered in our samples.
Community structure-the rare biosphere Our finding that the habitat segregation between IB and SW was expressed at all taxonomic levels (class to genus) and by dominant phylotypes as well as by the rare biosphere confirms the hypothesis that the rare biosphere is not randomly distributed but reflects the same environmental selection as the dominant phylotypes [38] . For example, the families Flavobacteraceae and Microbacteriaceae were abundant among the rare phylotypes in the brine, as well as their dominant relatives Flavobacterium and Candidatus Aquiluna in the whole community. Similarly, the families Halomonadaceae and Oceanospirillaceae were abundant among the rare phylotypes in the immediate sub-ice SW, as well as their dominant relatives Halomonas and Balneatrix in the whole community. It has been suggested that the similarity between the phylogeny of rare and abundant phylotypes signifies that most rare phylotypes (99% of which always are rare) are adapted to and active in their environment in a way similar to that of the abundant phylotypes [6] . On the other side, there is also the possibility that a fraction of the rare biosphere detected in highthroughput sequencing studies of environmental samples is composed of dead microbes [106] . The latter might occur in ice habitats where microbes can get trapped in the ice, although turn-over of organic material is probably fast with the high bacterial densities occurring here. Another aspect is that there is a risk to overestimate the diversity of the rare biosphere when sequencing the 16S rRNA [107] . However, the latter cannot explain the higher diversity (OTU richness) we discovered in our IB samples because the SW samples, with lower diversity, were treated simultaneously and in the same way.
The high diversity among the rare biosphere brine bacteria may be regarded as an 'insurance potential' [108] , a reservoir of phylotypes that maintains psychrophilic bacterial biodiversity, both for sympagic and pelagic phylotypes. The metabolic versatility of bacteria may enable some of them to respond promptly to fine-scale environmental changes and suddenly form blooms when conditions become favourable [109] . This 'seedbank' theory, including dormancy [110] , seems to fit with the sea ice habitat of the CAO. Habitat selection occurred at the ice SW interface for families that are common in SW such as Halomonadaceae, Shewanellaceae, Flavobacteriaceae, Oceanospirillaceae and Rhodospirillaceae (with many phylotypes occurring both in IB and SW) and against families that are typical of the sea-ice habitat such as Comamonadaceae, Oxalobacteraceae and Microbacteriaceae (many phylotypes only in IB).
Specialist bacteria populate the brine
On the one hand, our observation that the IB bacteria were more closely related to each other than the SW bacteria were to each other may be attributed to extreme (psychrophilic) adaptation inside the ice. On the other hand, the high richness of bacterial phylotypes in the brine compared with SW could be explained by the high environmental heterogeneity of the sea-ice habitat with many different microhabitats, from brine channels populated by free-living microbes to different forms of solid ice for attachment [28] . In addition, within the ice there is large variability in environmental conditions in space and time. This includes physico-chemical factors such as salinity, nutrients, and irradiation, and interactions with other microbes such as archaea, protists, and viruses [11, 26] . Environmental heterogeneity interacts with species niche breadth to influence species co-occurrence patterns [111] , and a metacommunity affected by high environmental heterogeneity results in a network with high modularity where modules constitute groups of species with similar niche requirements [112] . This can explain why our network analysis without the rare biosphere phylotypes had lower modularity compared with the network including all 2715 phylotypes, indicating that the rare phylotypes had narrower niches and consequently only co-occurred with a restricted number of other phylotypes. Co-occurrence networks of specialists are typically separate from those of generalists, i.e., specialists tend to co-occur with other specialists, but not with generalists, and vice versa [111] . This suggests that the brine communities consisted more of specialists, psychrophilic extremophiles also adapted to brackish and other specific environmental conditions, whereas the immediate sub-ice SW contained more generalists.
The bacterial hubs (OTUs with many connections to other OTUs) in our networks were mainly represented by phylotypes with low abundance in the IB and higher abundance in the immediate sub-ice SW. These are taxa with a wide range of environmental tolerances and consequently a wide distribution or with many metabolic dependencies [112, 113] . Although most of these bacterial hubs were not highly abundant in our samples, they may have a strong impact in shaping communities and the functioning of the ecosystem [114, 115] . The hubs in our analysis belonged to metabolically important marine orders such as the Rickettsiales, Oceanospirillales, Flavobacteriales, and Methylophilales, that despite low abundances may have key roles in organising the communities both in and under the sea ice. For example, Methylophilales, known to use not only reduced carbon compounds such as methane as a source for their growth, but also multi-carbon compounds that do not contain carbon bonds, such as dimethyl ether and dimethylamine, are having a relevant role in cold Arctic waters [116, 117] .
Conclusions
In the changing Arctic region the perennial sea ice cover is shrinking, whereas melting habitats, such as melt ponds and brackish IB, are expanding in space and time. This creates fundamental habitat shifts for microbial communities in summer. Based on our results, we expect that the roles of freshwater and brackish psychrophilic Actinobacteria, Betaproteobacteria and Flavobacteriia in the upper zone of the CAO ecosystem will increase in concert with global warming. This may have unexpected consequences that range from altered metabolic functions, such as increased photoheterotrophy by Candidatus Aquiluna and its relatives [93] , increased use of DOM from brine drainage as a substrate by Polaromonas and its relatives [102] and emerging infections by Flavobacterium and Polaribacter and their relatives of ice-associated fish [118] , i.e., the polar cod Boreogadus saida in the CAO [119] . To achieve a better understanding of the consequences of the fast ecosystem changes in the CAO, future studies should concentrate on identifying the many still-unknown metabolic functions of the psychrophilic microbial communities, how they are related to biogeochemical cycles and how they are affected by the changing environment.
